The densities, cross sections, and energy levels of intrinsic defects in high-purity high-resistivity (approximately 10 6 cm) p-type 6H-SiC are determined using isothermal capacitance transient spectroscopy (ICTS). Five intrinsic defects are detected ranging from 0.76 to 1.35 eV above the valence band. Since the sum of the densities of intrinsic defects detected is the same order of magnitude as the acceptor density in the p-type 6H-SiC, the intrinsic defects are found to decrease the majority-carrier concentration making its resistivity as high as approximately 10 6 cm.
Introduction
For the lateral-power microwave device applications of silicon carbide (SiC) and gallium nitride (GaN), a very high resistivity substrate with a low concentration of deep levels is required because deep levels in the substrate limit the maximum frequency and efficiency of the devices, and also degrade the stability. That is why the high-purity semiinsulating SiC substrate has been intensively investigated, [1] [2] [3] instead of the vanadium (V)-doped semi-insulating SiC. The resistivity () of high-purity SiC is strongly affected by intrinsic defects located in its midgap, which capture the majority carriers. Therefore, it is necessary to investigate the nature of the deep levels in high-purity SiC. Traps have been usually evaluated using deep-level transient spectroscopy (DLTS). 4, 5) DLTS analysis is feasible only when trap densities are much lower than the dopant density. 6) Because trap densities have the same order of magnitude as the density of unintentional impurities (donors or acceptors) in high-purity high-resistivity (HPHR) SiC, DLTS cannot be used to characterize its intrinsic defects. For this reason, to characterize the intrinsic defects in SiC, dopantdoped low-resistivity SiC irradiated by electrons has been intensively investigated by DLTS in the past. 7, 8) To investigate the intrinsic defects in HPHR SiC, isothermal capacitance transient spectroscopy (ICTS) 9) can be applied. However, DLTS and ICTS cannot be used for semi-insulating semiconductors with much higher than 10 6 cm because the measured capacitance is determined by the thickness of the diode, and not by the depletion region of the junction. [10] [11] [12] [13] [14] [15] In this paper, we report on our investigation on the intrinsic defects in HPHR p-type 6H-SiC from the temperature dependence of ICTS signals.
Experimental Procedure
The thickness and size of the HPHR 6H-SiC substrate grown by the modified Lely method were 1 mm and 5 Â 5 mm 2 , respectively. Ni electrode (so-called bottom electrode) was evaporated on one side of the sample, and then the sample was annealed to obtain good ohmic contact. After the cleaning of the other side of the sample, Ni electrode with a radius of 1 mm (so-called top electrode) was evaporated. The current-voltage (I-V) characteristics of the diode were measured using Keithley source-measure unit (SMU238). Capacitance-voltage (C-V) and transient capacitance CðtÞ measurements were carried out at a frequency of 1 MHz in the temperature range between 300 and 600 K using Horiba Deep-Level Analyzer (DA-1500). The CðtÞ was measured after an applied voltage was changed rapidly from 0 to a reverse bias (V R ) of À20 V. Figure 1 shows the I-V characteristics of the diode at 500 K. Here, the bias voltage in the figure was applied to the top electrode. The forward current flowed when the top electrode was negatively biased, whereas the reverse current flowed when it was positively biased, indicating that conduction in this highly resistive 6H-SiC is p type. From the slope of the I-V characteristics around the forward bias of 2 V, of the 6H-SiC substrate was determined as approximately 10 6 cm. The capacitance of the diode at 300 K was independent of reverse bias, and was close to the geometric capacitance calculated using the thickness of the 6H-SiC substrate. At temperatures higher than 450 K, the capacitance was dependent on reverse bias, indicating that the measured capacitance is determined by the width of the depletion layer. Therefore, the capacitance was measured at temperatures higher than or equal to 450 K. Figure 2 shows the C À2 -V characteristics of the diode at 500 K. From the slope, the value of N A -N D was estimated as 9:3 Â 10 14 cm À3 , where N A and N D are the densities of the acceptors and donors, respectively. Figure 3 shows the CðtÞ and ICTS signal of the diode at 500 K, indicated by dashed and solid lines, respectively. Here, the ICTS signal SðtÞ is defined as 9) SðtÞ t dCðtÞ
Results

I-V and C-V characteristics
Isothermal capacitance transient spectroscopy
From the number of peaks of SðtÞ in Fig. 3 , at least three types of hole-trap species could be detected. These hole traps are here referred to as HRH2, HRH3, and HRH4, as shown in Fig. 3 
which has a peak at
where A is the junction area, q is the electron charge, s is the dielectric constant of semiconductor, 0 is the free-space permittivity, V d is the diffusion potential of diode, N ti and e ti are the density and emission rate of the ith hole trap, respectively. Moreover, N ti is given as 9)
On the other hand, the hole concentration at the ith trap (p ti ) varies as [16] [17] [18] High-resistivity p-type 6H-SiC 500 K 3.14 mm High-resistivity p-type 6H-SiC 500 K 3.14 mm High-resistivity p-type 6H-SiC 470 K 3.14 mm 
Voltage Biased to Top Electrode [V] Current [A]
High-resistivity p-type 6H-SiC 500 K 3.14 mm High-resistivity p-type 6H-SiC 530 K 3.14 mm 
where
f ðE ti Þ is the electron occupation probability for the ith hole trap, given as
p is the hole concentration in the valence band, expressed as
v th is the thermal velocity of electron, E F is the Fermi level, N V is the effective density of states in the valence band, E V is the valence band maximum, k is the Boltzmann constant, T is the absolute temperature, and E ti , ti , and g ti are the energy level, cross section, and degeneracy factor of the ith hole trap, respectively. In thermal equilibrium (dp ti =dt ¼ 0), e ti is derived using eqs. (5)- (8) as
Since N V is proportional to T 1=2 and v th is proportional to T 3=2 , the emission rate is expressed as
and
where m Ã h is the hole effective mass and h is Planck's constant. On the basis of the discussion above, the relationship between e ti =T 2 and 1=T is shown in Fig. 6 . In Fig. 6 , the optimum straight line fitting to experimental data for each trap could be obtained, from which the values of E ti and ti could be determined and listed in Table I . Here, m Ã h and g ti were assumed to be m 0 and 1, respectively, where m 0 is the electron rest mass. This table also includes N ti estimated using eq. (4), which is averaged over the temperature range of the measurement.
Discussion
There are few reports on deep levels in p-type SiC in the literature, and also, it is difficult to characterize electrically active deep levels in high-resistivity or semi-insulating SiC. In 6H-SiC, deep levels denoted by H1 and H2 were reported to be located at E V þ 0:55 eV and E V þ 0:78 eV, respectively. 19 ) By photoexcitation-electron-paramagnetic-resonance studies, a deep level (EI5) relating to the positively charged carbon vacancy (V C ) was reported to exist in electron-irradiated p-type 4H-SiC lying at E V þ 1:47 eV. 20) According to DLTS studies on deep levels in low-resistivity p-type 4H-SiC epilayers, 7, 8) the following deep levels were reported; D with an energy level of E V þ 0:49 eV and a cross section of 1 Â 10 À16 cm 2 , HK0 with E V þ 0:79 eV and 3 Â 10 À16 cm 2 , HK2 with E V þ 0:84 eV and 4 Â 10 À14 cm 2 , HK3 with E V þ 1:27 eV and 3 Â 10 À14 cm 2 , and HK4 with E V þ 1:44 eV and 6 Â 10 À15 cm 2 . According to literature, 21) E V in 6H-SiC is the same energy position as E V in 4H-SiC, whereas the conduction-band minimum in 6H-SiC is lower than that in 4H-SiC. Since the energy levels of hole traps are measured from the E V , the energy levels of the hole trap of the same origin in 6H-SiC and 4H-SiC are considered to be similar. On the basis of the dependence of the deep-level density on the fluence of electron irradiation, 8) the origin of HK4 was reported to be a complex including V C , whereas HK0 might not be related to V C . Compared with our results, the origins of HRH1, HRH3, and HRH4 in 6H-SiC might be considered to be those of HK2, HK3, and HK4 in 4H-SiC, respectively.
The sum of the densities of intrinsic defects detected is 1:6 Â 10 14 cm À3 , whereas the acceptor density is approximately 9 Â 10 14 cm À3 . Therefore, the intrinsic defects strongly decrease the majority-carrier concentration in the high-purity 6H-SiC, which makes as high as approximately 10 6 cm.
Conclusions
In high-resistivity semiconductors, the temperature range for the capacitance measurement was limited because the capacitance of a diode at low temperatures was determined by the thickness of the sample, and not by the width of the depletion region of the junction. Furthermore, the sum of the densities of the deep levels was close to the dopant density. Even in the case mentioned above, it was demonstrated that ICTS could be used to determine the densities and energy levels of deep levels. In HPHR p-type 6H-SiC, five deep levels were detected by ICTS. By comparison of the sum of the densities of detected intrinsic defects with the acceptor density, these intrinsic defects were found to make as high as approximately 10 6 cm.
